The authors demonstrate the temperature-dependent behavior of the surface plasmon ͑SP͒ coupling with two InGaN / GaN quantum-well ͑QW͒ structures of different internal quantum efficiencies. The SP modes are generated at the interface between the QW structures and Ag thin films coated on their tops. It is observed that the SP-QW coupling rate increases with temperature. Such a trend may rely on several factors, including the availability of carriers with sufficient momenta for transferring the energy and momentum into the SP modes and possibly the variation of the SP density of state with temperature. Although the required momentum matching condition only needs the thermal energy corresponding to a few tens of Kelvins, the carrier delocalization process results in a significantly higher probability of SP-carrier momentum matching and hence SP-QW coupling. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2738194͔
The revisit to surface plasmon ͑SP͒ in the past several years has brought us with many potential applications, including the enhancement of light emission efficiency through the coupling between a SP mode and a radiating dipole such as those in a quantum well ͑QW͒. 1, 2 In such a coupling process, the dipole energy in the QW is transferred into one or more SP modes. The SP modes can radiate if the phasematching conditions between the SP modes and photons are reached. The enhancement of photoinduced luminescence in an InGaN / GaN QW of relatively low internal quantum efficiency ͑IQE͒ ͑6%͒ through the SP coupling has been reported. 3, 4 Suppression of photoluminescence ͑PL͒ in an InGaN / GaN QW of high internal quantum efficiency ͑43%͒ was also reported. 5 Either light emission enhancement or suppression depends on several factors, including the nonradiative recombination rate of the QW, the loss rate of the coupled SP mode, the availability of the phasematching condition for SP radiation, and the SP coupling efficiency. 6 In the SP-QW coupling process, the energy and momentum of an exciton or a pair of carriers are transferred into a SP, particularly a propagating SP or surface plasmon polariton, for effective SP radiation. To provide the SP momentum, which can be several times larger than that of a photon, a carrier pair for SP coupling needs to have a certain momentum.
In this letter, we report the temperature-dependent behaviors of the SP coupling with an InGaN / GaN QW. It is found that the SP coupling efficiency increases with temperature. The possible mechanism behind this behavior, including the carrier delocalization from the potential minima in the QW, is discussed. Although the required momentum matching condition only needs the thermal energy corresponding to a few tens of Kelvins, the carrier delocalization process results in a significantly higher probability of SP-carrier momentum matching and hence SP-QW coupling.
Two InGaN / GaN QW structures were prepared with metal organic chemical vapor deposition. Either of them consists of an InGaN / GaN QW sandwiched by a top GaN cap layer of 20 nm in thickness and the lower GaN cladding layer of 2 m in thickness. By controlling the growth temperature, growth chamber pressure, and gas flow pattern, the two QW structures have about the same PL spectral peak position, but quite different IQEs at 2% and 40%. Either QW structure was coated on the top with a 50 nm Ag thin film at room temperature for creating SP coupling. Figure 1 shows the normalized PL spectra of the bare-QW ͑a͒ and Ag-coated ͑b͒ samples at various temperatures based on the low-IQE ͑2%͒ QW structure. In the Agcoated sample, Fabry-Pérot oscillation features can be clearly seen, which are due to the stronger reflection at the Ag-GaN interface. Compared with those of the bare-QW sample, the PL spectra are blue tilted at all temperatures due to the wavelength-dependent coupling of SP modes generated at the Ag-GaN interface. 5 With the Fabry-Pérot oscillations in the PL spectra, it becomes difficult to identify the PL spectral peak positions. For understanding the temperature dependence of PL spectral feature, we calculate the center-of-mass energies of the two samples at various temperatures and plot the results in Fig. 2 . Here, one can see that both curves show the S-shape variations with temperature. The S-shape temperature dependence of the PL spectral feature has been widely used for identifying the carrier delocalization behavior in InGaN compounds consisting of compositional fluctuations and hence potential minima. [7] [8] [9] [10] In the low temperature range ͑10-90 K in this QW structure͒, carriers have little thermal energy and are basically trapped in the potential minima. Hence, the PL energy follows the typical temperature-dependent band-gap-shrinkage behavior. In this temperature range, the trapped carriers have little momenta. However, in the medium-temperature range ͑around 90-180 K͒, the thermal energy of carrier results in the elevation of their average energy state level and hence the blueshift of the PL spectral feature. Also, in this temperature range, carriers start to escape from the potential minima to become free in motion. Finally, in the high-temperature range ͑180-300 K͒, most carriers have sufficient kinetic energy ͑and momentum͒ for escaping from the potential trapping and becoming free in motion.
In Fig. 2 , we also plot the ratio of the integrated PL intensity of the Ag-coated sample over that of the bare-QW sample. The ratio represents the PL enhancement factor. It is interesting to see that the temperature-dependent behavior of the enhancement ratio can also be divided into the three temperature ranges. In the low-and high-temperature ranges, the ratio is not significantly changed in varying temperature. However, in the medium-temperature range, the enhancement ratio increases monotonically with temperature. It is noted that the screening effect of the quantum-confined Stark effect can lead to the blueshift of the PL spectrum. 11 The SP-QW coupling can result in the blue tilt of the PL spectrum, as mentioned earlier. Because of the blue tilt, instead of a blueshift, in the Ag-coated sample shown in Fig. 1 and the lower PL center-of-mass energy in the same sample shown in Fig. 2 , we can conclude that the observed behaviors of the Ag-coated sample originate mainly from the SP-QW coupling process.
In the time-resolved PL measurement, for either sample of the low-IQE QW structure, non-single-exponential decays of PL intensity can be observed beyond 90 K. Such a decay behavior can be attributed to the multistage carrier relaxation process and the mixture of carrier and SP radiation contributions. In either sample at each temperature, a decay rate was calibrated from the temporal range of 0.4-0.9 ns ͑counted from the peak of the intensity profile͒. Figure 3 shows the calibrated first-stage decay rates of the two samples of the low-IQE QW structure as functions of temperature. Also, their differences are shown. In the bare-QW sample, the decay rates are almost unchanged with temperature below 90 K due to carrier trapping by the potential minima. Beyond that and up to 210 K, it basically increases linearly with temperature due to the capture of carriers by the nonradiative recombination centers. Beyond 210 K, the increase of the decay rate saturates due to the almost complete carrier escape. In the Ag-coated sample, the temperature-dependent variation of the decay rate follows closely the aforementioned pattern of the three temperature ranges. In the low-and hightemperature ranges, the decay rate changes slowly with temperature. In the medium-temperature range, the decay rate increases monotonically with temperature. Such a variation trend can also be applied to the decay rate difference.
Normally, in the case of PL enhancement in a SP-QW coupling system, it is believed that SP radiation plays an important role in contributing to the measured PL intensity. The increasing PL enhancement ratio with temperature shown in Fig. 2 can be due to the increasing nonradiative recombination rate with temperature. However, Fig. 4 shows the counterparts of Fig. 2 for the bare-QW and Ag-coated samples based on the high-IQE QW structure, in which the enhancement ratio is below unity ͑PL suppression͒ and decreases with temperature. In this situation, the decreasing   FIG. 2 . PL center-of-mass energies of the two samples ͑left ordinate͒ and the ratio of the integrated PL intensity of the Ag-coated sample over that of the bare-QW sample ͑right ordinate͒ of the low-IQE QW structure as functions of temperature. enhancement ratio with temperature cannot be simply attributed to the increasing nonraditive recombination rate. Hence, the increasing SP-QW coupling rate with temperature must be a crucial factor in the observed phenomena.
For effective SP-QW coupling, the momentum mismatch between SP and carrier can be easily overcome with thermal energy above several tens of Kelvins. However, when the carriers are trapped by potential minima, the coupling efficiency can be significantly decreased although their wave functions include certain spatial-frequency components for matching the momenta of SP and carrier. By assuming that the wave number of SP, k SP , is three times larger than that of a photon, i.e., k SP ϳ 3͑2n / ͒ϳ0.1 nm −1 . Here, n is the refractive index of GaN ͑2.5͒ and is the photon wavelength ͑ϳ460 nm͒. For an electron to have such a wave number, it requires a temperature of only T = ប 2 k SP 2 / ͑2m e k B ͒ϳ30 K and even lower for a hole. Here, ប is the Planck constant divided by 2, m e is the electron effective mass in InGaN, 12 and k B is the Boltzmann constant. Hence, sufficient momentum can be easily obtained for free carriers. However, for a trapped carrier, only a fraction of spatial-frequency components can provide such a momentum mismatch. Assuming that a trapped carrier has a Gaussian-form wave function of 5 nm in width ͑standard deviation͒, we can evaluate the mean value and standard deviation of the wave function in the k space to give around 0 and 0.1 nm −1 , respectively. The probability of finding a carrier with the wave number larger than 0.1 nm −1 is less than 0.5 in a two-dimensional structure. Hence, at a certain temperature, although a pair of trapped carriers can couple with a SP mode, its probability is significantly lower than that of a pair of free carriers. In other words, the delocalization of carriers with increasing temperature can enhance the SP-QW coupling rate. Nevertheless, the increasing coupling rate cannot be completely attributed to the delocalization process; other possibilities, such as the increase of the SP density of state with temperature, must be considered.
In summary, we have demonstrated the temperaturedependent behaviors of the SP coupling with InGaN / GaN QW structures. It was observed that the SP-QW coupling rate increased with temperature. Such a trend relied on a few factors, including the availability of carriers with sufficient momenta for transferring the energy and momentum into the SP modes and possibly the variation of the SP density of state with temperature. Although the required momentum matching condition only needed the thermal energy corresponding to a few tens of Kelvins, the carrier delocalization process did result in a significantly higher probability of SPcarrier momentum matching and hence SP-QW coupling.
